Organic photovoltaic cells (OPVs) have received significant interest for their potential as a low-cost energy source, and efficiencies have recently reached records nearing 10% using both solution and vacuum deposition methods. 1 In the conventional orientation, the OPV is illuminated through a transparent hole-collecting anode deposited on the substrate, [e.g., indium tin oxide (ITO)], and electrons are collected by a low work function (LWF) metal cathode top contact. Development of efficient inverted device structures (i.e., electrons collected by a transparent cathode) would (1) provide more degrees of freedom in designing OPV fabrication schemes, including tandem and semitransparent devices, [2] [3] [4] (2) allow for protection of the delicate organic semiconductor layers below metal oxide anodic buffer layers (e.g., MoO 3 ) prior to subsequent top layer deposition steps, 5, 6 and (3) are proposed to be more stable by allowing use of higher work function metal top contacts (e.g., Au or Ag) 7 and protecting the air-sensitive electron acceptor layer (e.g., C 60 ). 8 However, due to the high work function of common transparent conductors (e.g., ITO and conductive polymers) such structures require a readily processable LWF interfacial cathode buffer layer to provide sufficient electric field through the device and allowing for ohmic contact with the adjacent electron acceptor. 4, 7, 9 In this letter, we explore the use of poly(3,4-ethylenedioxythiophene) (PEDOT) deposited by both solution and vacuum deposition methods as a cathode buffer layer in inverted organic solar cells on ITO. The solution deposited version doped with poly(styrenesulfonate) (PEDOT:PSS) has been widely used as a hole-transporting anode buffer layer on ITO, 9 ,10 and high-conductivity analogues have been proposed for use as the OPV anode 3, 11, 12 or cathode. 3, 13 Similarly, vacuum-deposited PEDOT, in which the polymer film is formed directly on the substrate by oxidative polymerization of vapor-phase precursors, has been explored for use as an anodic buffer layer, 14, 15 anode, 14, 16, 17 and cathode. 15 However, there have been few reports of PEDOT as a cathode buffer layer, due to its high work function. 18 It has previously been shown that the organic reductant tetrakis(dimethylamino)ethylene (TDAE) lowers the work function of PEDOT:PSS (Ref. 19 ) and vapor-deposited PEDOT, 20 however, these layers were not incorporated in an OPV device. Similarly, cesium carbonate (Cs 2 CO 3 ) has been demonstrated to lower the work function of ITO electrodes by both vacuum thermal evaporation and solution casting. 5, 9, 21 Here, we incorporate PEDOT:PSS and vacuum deposited PEDOT treated with TDAE or Cs 2 CO 3 as cathode interlayers in inverted OPVs on ITO, which we demonstrate improves electron collection efficiency compared to devices with no cathode buffer layer.
PEDOT films were deposited onto ITO-coated glass substrates (Kintec Co., sheet resistance ¼ 15 X/sq) that were first solvent-cleaned and treated with O 2 -plasma. The vapordeposited PEDOT was deposited in a vacuum chamber using the oxidative chemical vapor deposition (oCVD) process, 14, 22 at 0. atmosphere with a Scanning Kelvin Probe (SKP5050, KP Technology Ltd.) using a 2 mm gold tip, and were calibrated relative to a gold reference surface assumed to be 5.1 eV, which was measured before and after each sample and was stable over the course of the experiment. Average and standard deviation values were calculated from a scan of 220 points recorded evenly across a 1 cm 2 surface. OPVs were then fabricated using a bilayer heterojunction structure of C 60 (Aldrich, sublimed) as the electron acceptor and tetraphenyldibenzoperiflanthene (DBP, Lumtec) as the electron donor, Figure 1(a) shows the change in work function measured for PEDOT:PSS and oCVD PEDOT films on ITO before and after treatment with TDAE and Cs 2 CO 3 . The decrease in work function upon treatment with liquid TDAE is $0.6 eV with PEDOT:PSS (5.52 6 0.05 eV to 4.97 6 0.03 eV) and $0.8 eV for the oCVD PEDOT (5.35 6 0.04 eV to 4.53 6 0.05 eV). The observed decreases in work function are consistent with the trends observed previously for TDAE with PEDOT and ITO, 19, 20, 25 Previous reports for oCVD PEDOT showed that lowering the substrate temperature used during the deposition resulted in a 0.3 eV higher work function; thus, the change here suggests that the oCVD PEDOT can be modified by over 1 eV through a combination of deposition conditions and chemical treatment. The change in surface work function observed upon evaporation of Cs 2 CO 3 was $0.3 eV for both the PEDOT:PSS (5.52 6 0.05 eV to 5.16 6 0.04 eV) and oCVD PEDOT (5.35 6 0.04 eV to 5.03 6 0.03 eV) films. We note that the values observed for the as-deposited PEDOT:PSS and CVD PEDOT as much as $0.2 eV higher than previously reports; 22, 26 which is most likely explained by different conditions and techniques used, as the kelvin probe and ultraviolet photoelectron spectroscopy measurements are highly sensitive to environmental conditions. 27 The ability to decrease the work function of the various PEDOT surfaces motivates their incorporation as cathode layers for electron collection in OPVs. Fig. 1(b) shows the schematic of inverted OPVs used here, in which the LWF PEDOT layer is inserted between the transparent ITO electrode and the adjacent C 60 electron acceptor. In the inverted orientation, the ITO collects electrons and the Ag collects holes. Fig. 1(c) The J-V characteristic of devices with and without the LWF PEDOT buffer layers are shown in Figure 2 . Devices utilizing an unmodified ITO cathode and as-deposited CVD PEDOT and PEDOT:PSS cathode layers show a distinct "S" shape at reverse bias, suggesting the presence of a Schottky junction at the cathode contact in opposition to the diode formed at the DBP/C60 heterojunction interface, which would create a barrier to electron collection ( Fig. 1(c),  inset) . 28 This is evident in the J-V curve by the poor fill factor (FF) (0.37, 0.48, and 0. We then optimize this inverted device structure using the PEDOT:PSS/TDAE cathode buffer layer by varying the DBP thickness (Fig. 3) , subsequently moving the position of the reflective Ag interface relative to the DBP/C 60 interface. The structure is optimized at a DBP thickness of $10 nm, corresponding to short-circuit current (J sc ) ¼ 4.6 mA/cm 2 , and maxima in V oc ¼ 0.89 V, FF ¼ 0.6, and power efficiency (g p ) ¼ 2.5%. The observed optimum J sc is consistent with simulations modeling the optical interference of light inside the device with light reflected by the Ag anode, 24 and corresponds to a DBP exciton diffusion length (L D DBP ) between 10 and 15 nm (Fig. 3, dashed lines) . For this donor/acceptor pair, the optimal photocurrent is lower for the inverted structure than the conventional structure, because the short wavelength absorber (C 60, peak < 400 nm) is positioned farther from the reflective node, while the long wavelength absorber (DBP, peak $610 nm) is closer to the reflective node, creating a mismatch in the positioning of the peak-wavelength optical electric field maxima within the respective layers. With bulk heterojunction structures, and donor/acceptor pairs with different peak absorption characteristics, higher efficiencies should be possible with such inverted OPVs.
In conclusion, we have demonstrated the use of vacuum and solution deposited low work function PEDOT cathode buffer layers. Incorporation of these materials at the cathode in inverted DBP/C 60 heterojunction OPVs prevents the formation of an electron-limiting Schottky junction at the cathode in opposition to the diode formed by the DBP/C 60 heterojunction, thereby increasing FF and V oc relative to cells with an improperly or un-buffered cathode interface. We find an optimal efficiency of 2.5% using an inverted DBP/C 60 heterojunction structure. This illustrates the potential for efficient polymer cathode materials and inverted device architectures compatible with solution and vacuum processing. 
